Abstract The mechanical characteristics of various sedimentary stones significantly depend on the water content, where 70 % loss of their mechanical strengths can be observed when saturated by water. Furthermore, the clay fraction has been shown to be a key factor of their hydromechanical behaviour since it governs for instance the hydric dilation. This work aims at investigating the correlations between the clay mineral content and the mechanical weakening experienced by limestones when interacting with water. The experimental characterization focuses on five different limestones that exhibit very different microstructures. For each of them, we present the determination of clay mineral composition, the sorption isotherm curve and the dependences of tensile and compressive strengths on the water content. It emerges from these results that, first, the sorption behaviour is mainly governed by the amount of smectite layers which exhibit the larger specific area and, second, the rate of mechanical strength loss depends linearly on the sorption capacity. Indeed, the clay fraction plays the role of a retardation factor that delays the appearance of capillary bridges as well as the mechanical weakening of stones. However, no correlation was evidenced between the clay content and the amplitude of weakening. Since the mechanisms whereby the strength decreases with water content are not clearly established, these results would help to discriminate between various hypothesis proposed in the literature.
Introduction
Arising from atmospheric humidity or ground capillary uptake, natural stones never evolve in dry conditions, but undergo cyclic water content variations. As a porous medium, their mechanical behaviour generally depends on their hydric state and makes it essential to carry out the experimental characterization in a hydro-mechanical framework. This issue is of first importance in civil engineering since it is a common material in historic constructions. For instance, the building stones used in cultural heritage undergo various weathering processes associated with water transport inside their micro-structure . A particular stone deterioration pattern is called ''spalling'' or ''contour scaling'' (Vergès-Belmin 2008) ; it corresponds to the progressive loss of plates from surfaces exposed to rain and/or runoff whatever their position in the building. The plane of detachment is located near the stone surface and develops perpendicularly to the bedding so that it cannot result from mechanical weaknesses linked to the sedimentary origin of limestones (Berthonneau et al. 2014 (Berthonneau et al. , 2015 .
The dependences of mechanical properties on the moisture content have been thoroughly characterised for various types or rocks (sandstones, limestones, chalk, gypsum,…) (Hawkins and McConnell 1992; West 1994; Grgic et al. 2005; Vásárhelyi and Ván 2006; Talesnick and Shehadeh 2007; Erguler and Ulusay 2009; Yilmaz 2010 When plotting the variation of tensile or compressive mechanical strength as a function of the water content, it exhibits a sharp decrease for low water content and remains almost constant for larger water content. The saturated ultimate strengths can be up to 70 % lower than the dry one. Many works have focused on the softening/weakening coefficient with the objective to highlight some correlation with various petrophysical characteristics such as the porosity (Morales-Demarco et al. 2007; Vasconcelos et al. 2008; Török and Vásárhelyi 2010) , the density (Vásárhelyi 2005; Morales-Demarco et al. 2007; Török and Vásárhelyi 2010) or the mineral composition (Yilmaz et al. 2011) . To date, the mechanisms that govern this weakening behaviour have not been clearly identified. Various hypotheses have been put forward while none of them have unanimous support. The most classical approaches rely on suction decrease, frictional reduction and fracture energy reduction. Clay minerals are common components of the clastic fraction of sedimentary stones. Even with a small content, the clayey phase makes them highly susceptible to water content variation and may govern the hydro-mechanical behaviour. For instance, hydric dilation behaviour is directly related to the amount of swelling clay of various natural stones (Colas et al. 2011; Berthonneau et al. 2015) . Under cyclic conditions of wetting and drying, swelling and shrinkage phenomena can have a major role in the deterioration processes (Jiménez-González et al. 2008; Ruedrich et al. 2011; Berthonneau et al. 2014) . Numerous studies on stone conservation point out the swelling clay content to be a key factor in durability evaluation of sedimentary stones (Weiss et al. 2004; Franzini et al. 2007; Sebastián et al. 2008; Berthonneau et al. 2014) . While this phenomenological scenario accounting for stone damage seems to be well accepted, the underlying physical phenomena have not been clearly characterised. In particular, since the clay content plays a major role in the hydromechanical behaviour of limestones, it should certainly influence the weakening process.
Based on these considerations, this paper explores the implication of the swelling clay fraction with regard to the mechanical weakening due to moisture uptake. Five limestones used in current and historical buildings are under investigation. They are characterised by very different swelling clay contents to cover a wide range of stone type. The precise quantification of clay composition takes advantage of a new methodology developed recently coupling transmission electron microscopy, energy dispersive spectrometry, X-ray diffraction and numerical modelling. Then, adsorption isotherm curve is measured for each sample. Indeed, it is known to be a relevant indicator of the clay content and represents an essential characteristic of the hydro-mechanical behaviour. Eventually, tensile and compressive mechanical strengths of the five limestones are determined over the full range of water content, from dryness to water saturation. Correlating the different results underlines the role of clay minerals in the weakening phenomenon. This would help discriminating between the several physical hypothesis put forth to describe the hydromechanical coupling.
Materials
In this work, five different types of limestone are under investigation (ES: Estaillades, BM: Modern Barutel, BA: Antique Barutel, CY: Yellow Caromb, CG: Grey Caromb). The Barutel limestone was used by Romans for building purposes. It has been extracted at few kilometres in the north of the town of Nîmes (30-France). The antique Barutel stone samples come from the masonry of the amphitheatre of Nîmes while the modern one was taken from the active quarry used for restoration located few hundred of metres far from the antique quarry. Barutel stone is a fine-grained yellowish to greyish limestone of Barremian age . It is a bioclastic mudstone (Dunham classification) with small marine bioclasts, mainly forams and quartz (\100 lm), embedded in a fine calcitic matrix (Fig. 1a, b) .
Caromb and Etaillades stones belong to the ''Pierre du Midi'' type, a Burdigalian (20-16 Ma) deposit extensively used for building in the Provence region since antiquity. Two kinds of Caromb stone were used for building, the yellow (CY) and the grey (CG) ones. Materials were sampled from the ancient quarry and a deposit of ancient stones coming from dismantling of old buildings in the village of Caromb (84-France). The Estaillades limestone was collected from the active quarry near the village of Oppèdes (84-France) in the same geographical area. Caromb and Estaillades limestones are bioclastic packstones (Dunham). Their textures were mainly composed by bioclastic fragments (Red Algae, Bryozoans, Bivalvia, Echinoderms, Forams, and lithoclasts) and two groups were distinguished. Large fragments ([500 lm) cemented by a sparse and unevenly distributed calcareous matrix were observed in CY and ES (Fig. 1c, e) . Fragments of smaller dimensions (\200 lm) dispersed in a greyish marl matrix were recognised in CG together with ferruginous coatings and glauconite grains (Fig. 1d) . Angular quartz grains (%200 lm) as well as greenish glauconitic fillings of bioclasts (mainly Bryozoans) were present in all samples except in ES.
Main petrophysical properties (density, effective porosity, Hirschwald coefficient and capillarity) of each sample were measured on six cores (h ¼ 80 mm, d ¼ 40 mm) drilled perpendicularly to the bedding plane according to the French and European standards (NF B10-503, EN 13755 and NF B10-502) . These characteristics are summarised in Table 1 highlighting the wide variety of samples under investigation. Antique and modern Barutel stones show uniform pore size distributions while Estaillades stone exhibits a perfect bimodal pore size distribution (Berthonneau et al. 2015) .
Experimental Characterisation

Mineralogical Composition
Mineralogical characterisation was conducted by calcimetry (NF X 31-105) and X-ray diffraction (XRD) on total and acid (acetic acid 0.2 N) insoluble powders. Diffractograms were recorded on a Bruker D8 Focus diffractometer (CoKa radiation) equipped with a Lynx'Eye detector operating with an aperture of 1 2h. Clay mineral identification and quantification were done on the clay fraction (\4 lm) through the combination of transmission electron microscopy (TEM, JEOL JEM 2011) coupled with an energy-dispersive X-ray spectrometer (EDX, X-Flash Silicon Drift Detector 5030, Bruker) and profile modelling of XRD patterns of oriented preparations. Details on the elemental quantification and structural formula calculation from TEM microanalysis can be found in Berthonneau et al. (2014) . XRD patterns were collected on oriented preparations saturated with calcium (Ca) at 0.01426 2h step intervals from 2.5 to 60 2h, using a 4 s counting time per step. A first set of XRD patterns was acquired after drying at room temperature (Ca ? AD); then the same preparations were exposed to ethylene glycol (Ca ? EG) vapour for at least 24 h and re-analysed. All the experimental XRD patterns were fitted over the 4.5-60 2h CoKa range using the ASN program (Drits and Tchoubar 1990; Lanson et al. 2009; Ferrage et al. 2011) .
Eventually, the quality of the simulation was estimated using the unweighted goodness of fit parameter Rp (Howard and Preston 1989) . This parameter was calculated over the 5-60 2h range, excluding the hkl reflections, and was used as an estimation of the error associated to the final quantitative values.
The quality of the fits was mainly influenced by the low crystallinity of the phyllosilicates structures and the presence of strong hkl reflections of quartz. These mismatches explained the relatively high values of the goodness of the fit parameters (Rp), especially for the Barutel stones (BA, BM). In order to account for it within the proposed quantitative models, the evolution of the diffracted intensity of the 101 reflections of quartz was studied as a function of its weight fraction in a mixture with pure Na-Montmorillonite (Swy-2). The results showed a linear trend whose slope was used to provide a precise estimation of the quartz content of the analysed clay fractions. These results varied from 0.21 (CY) to 6.02 wt.% (BA) with an error of about 5 %.
The total contents of each clay mineral are given in Table 2 . Estaillades limestone is a pure calcite rock while the clay content varied from 1.7 to 2.6 % in Caromb stones. One can note the significant amount of quartz in the clay fraction of Barutel stones. Since the smectite group (Beidellite and Montmorillonite) presents the larger specific area (Woodruff and Revil 2011; Revil and Lu 2013) , it will have the more significant impact on the sorption behaviour. In the following, we will, therefore, focus only on the smectite layers.
Sorption Isotherm
Vapour sorption behaviour has been characterised using nine standard saturated salt solutions to cover the whole range of RH, from 12 to 97 %. It has been done along the adsorption path starting from dry samples. Measurements were carried out on cylindrical slices (40 mm diameter Â 15 mm thick) and repeated using between 3 and 5 samples for each imposed RH. The number of samples was increased to 10 for high humidity (RH = 75, 85 and 97 %) since the scattering of measures is generally larger when capillary bridges appear.
From the experimental points, a continuous description was fitted based on the GAB theoretical modelling. The numerical identification of fitting parameters used a nonlinear least-squares minimisation procedure based on Levenberg-Marquardt algorithm (Marquardt 1963) . The main advantage of this method is that, besides the determination of best-fit parameters, it provides an estimation of the standard deviation associated with each parameter. This allows to take into account the accuracy of the experimental procedure and above all the variability between samples. Therefore, it is possible to evaluate a standard deviation associated with each value of the theoretical fitting, and in particular with the various critical water content defined later in Sect. 4.
Concerning the five limestones under investigation, sorption isotherm curves are plotted in Fig. 2 . It shows a classical pattern with a significant increase in water content above 90 % RH. This upper RH range corresponds to the setting up of capillary interfaces where the liquid phase starts to be considered as ''free'' water. The five limestones exhibit different behaviours since Estaillades samples (ES) are weakly hygroscopic while sorption capacities in grey Caromb ones (CG) are much more important. 
Mechanical Strengths
The tensile strength was determined indirectly by means of the ''Brazilian'' test. It consists in imposing a diametrical compressive stress on cylindrical samples (40 mm diameter Â 40 mm length) which generates tensile stress perpendicular to the loading direction. The contact between sample and testing machine is done with a piece of cardboard to ensure a better load distribution and avoid stress concentration. Constant loading velocity of 5 Â 10 À6 m s À1 is imposed to have a sample failure about 15 min after the beginning of the test.
The compressive strength was measured directly on drilling core samples (40 mm diameter Â 80 mm length) with coplanar end-faces. The contact between sample and testing machine is done with two sheets of Teflon (1 mm thick) to have perfect sliding conditions at both end-faces and ensure a uniform compressive stress state inside the sample. Constant loading velocity of 1 Â 10 À5 m s À1 is imposed to have a sample failure about 15 min after the beginning of the test.
For both tests, samples were drilled perpendicularly to the bedding. Since the framework of this study concerns the spalling phenomenon, the objective was to have in all cases a crack plane that develops perpendicularly to the bedding. After geometrical preparation, all specimens were dried at 65 C until weight constancy was achieved. To measure mechanical properties as functions of water content, samples were divided into five groups to cover the whole range of water content:
• the first group was characterised directly in the dry state,
• the second group was equilibrated in a 75 % RH atmosphere using a NaCl saturated solution, • the third group was equilibrated in a 97 % RH atmosphere using a K 2 SO 4 saturated solution, • the fourth group was saturated with water under vacuum conditions, • the fifth group was saturated with water under vacuum conditions and then dried in a 44 % RH atmosphere using a K 2 CO 3 saturated solution until the required water content was reached.
To characterise the hydric state of samples, the mass water content is defined by the mass ratio between liquid and solid phases:
For each limestone, the compressive and tensile strengths are plotted as functions of the water content in Figs. 3, 4, 5, 6 and 7. As already evidenced, the ultimate strengths of sedimentary rocks highly depend on the water content. It usually shows a strong decrease for low water content and almost constant values for larger water content.
To describe this behaviour, Hawkins and McConnell (1992) and Vásárhelyi and Ván (2006) have proposed a simple representation written as follows:
introducing three material parameters (a, b and c). As described in previous section, the numerical identification used a non-linear least-squares minimisation procedure that provides not only the best-fit parameters, but also an esti- Even if third and fourth groups of samples are prepared from different initial states, i.e., the third group is wetted from a dry state while the fourth group is dried from a saturated state, the mechanical strengths obtained for both groups are relatively close. This supports the idea that the water content is the appropriate variable to describe the weakening phenomenon. Furthermore, it underlines the reversibility of weakening process since the evolution of mechanical strength as a function of water content can be characterised both ways.
Discussion
Dry and saturated mechanical strengths have been reported for various rocks and stones while the complete evolution over the whole range of water content has been less frequently characterized (Ojo and Brook 1990; West 1994; Hawkins and McConnell 1992; Papamichos et al. 1997; Talesnick et al. 2001; Grgic et al. 2005; Vásárhelyi and Ván 2006; Morales-Demarco et al. 2007; Erguler and Ulusay 2009; Yilmaz 2010) . Intensive research focused on the understanding of the effect of water on the loss of mechanical strength. It aimed at establishing some correlations between dry and saturated mechanical properties with respect to various petrophysical characteristics, (Yilmaz et al. 2011) . Actually, it corresponds to the analysis of a and c parameters given in Eq. 2 and Table 3 . However, fewer studies have been carried out to understand the variation of mechanical properties as a function of water content, which is associated with parameter b. Its influence could be synthesised as: the larger the b-parameter, the lower the water content at which the mechanical strengths are equal to their saturated values. By merging various experimental data, Vásárhelyi and Ván (2006) underlined an inverse correlation between the b-parameter and the porosity. With a slightly different description, a similar tendency has been highlighted by Erguler and Ulusay (2009) .
To identify some correlation between results, several critical water contents can be defined. The first one, w S , is associated with the sorption isotherm curves and corresponds to the water content observed at 97 % RH, which is written as follows:
This critical water content can be seen as the upper limit of the hygroscopic domain. It has already been shown that the clayey fraction plays a significant role in the sorption behaviour and more specifically the smectite layers. To evidence their influence on the sorption behaviour, the sorption critical water content, w S , is plotted as a function of the smectite content in Fig. 8 . An affine dependence is obtained highlighting the direct influence of the clay fraction on sorption characteristics. Obviously, the clay fraction is not the only parameter that governs the sorption behaviour. It also highly depends on the micro-structure and specifically on the pore size distribution. Barutel limestones are fine-grained calcite that can be described as micrite. Apart from clay, its large micro-porosity accounts for its hygroscopicity even if its smectite content is relatively low. On the contrary, Caromb limestones are composed of large fragments ([500 lm) cemented by a sparse and unevenly distributed calcareous matrix. Its lower micro-porosity gives a predominant significance to the clay fraction. The second and third critical water contents, w T and w C , are associated with tensile and compressive properties and correspond to the water contents at which the drop in tensile or compressive strength is equal to 90 % of the total drop between dry and saturated values. From Eq. 2, they are defined as
One can note that these latter water contents only depend on the b-parameter allowing discussing the sole influence of this dimensionless property. The tensile and compressive critical water contents, w T and w C , are plotted as functions of the sorption critical water content, w S , in Figs. 9 and 10. The bisector lines are given for indication. These dependences are fairly described by linear relationships, i.e., the range of water content in which the mechanical properties depend on moisture corresponds roughly to the hygroscopic domain. This means that, for the five limestones under investigation, the loss of mechanical strengths is almost maximal at 97 % RH. Therefore, it is not necessary to subject these limestones to rain or flooding to observe the softening behaviour; a 97 % RH atmosphere is sufficient to get a substantial loss of mechanical properties. This issue is of major importance in building and civil engineering since all material is affected by softening and not only the external parts subjected to rain or the lower parts where capillary rise occurs. Therefore, the clay content has a direct impact on the dependence of mechanical characteristics with respect to water content. The larger the clay content, the wider the hygroscopic domain and consequently, the higher the water content above which the mechanical strengths are constant and equal to their value at saturation. From these observations, the determination of the complete dependence on water content requires the measure of the mechanical characteristics in three moisture conditions: dry, saturated and equilibrated with a 97 % RH atmosphere. This is sufficient to estimate the three parameters introduced in Eq. 2.
Eventually, a softening/weakening coefficient can be calculated by
In tension and compression, softening coefficients are plotted as functions of the smectite content in Fig. 11 . Previous works intended to highlight some dependences of softening phenomenon on porosity (Vasconcelos et al. 2008) or clay content (Hawkins and McConnell 1992; Benavente et al. 2008) . However, such correlations cannot be underlined in our experimental results. While the role of clay content in the rate of strength loss has clearly been evidenced, it seems to have no influence on the intensity of this strength loss. So far, the mechanisms whereby the mechanical strength decreases with the water content are not clearly established. Several processes have been put forth in the literature such as fracture energy reduction, capillary tension decrease, pore pressure increase, frictional reduction or chemical and corrosive deterioration. Furthermore, the hydric dilation behaviour might be an additional factor influencing the mechanical strength.
The decreasing suction as water content increases has widely been supposed to account for the material weakening induced by wetting (West 1994; Papamichos et al. 1997; Grgic et al. 2005) . Nevertheless, grain scale experiments have recently evidenced that capillary forces vanish with the drying of the meniscus (Mielniczuk et al. 2014a, b) . Even if this mechanism effectively occurs, it would represent a minor contribution to the weakening phenomenon (Ciantia et al. 2015a) .
Recently, Ciantia and Hueckel (2013) and Ciantia et al. (2015a, b) have highlighted another mechanism that takes place in calcareous rocks. By coupling SEM, X-ray CT observations and macroscopic experiments, they identified two distinct types of bonding between calcite grains. On the one hand, temporary bonds of depositional origin can fall into suspension while wetting and redeposit during drying. These bonds are associated with a short-term and reversible weakening that affects instantly the rock as water content varies. On the other hand, persistent calcite bonds of diagenetic origin give the material its solid structure. When exposed to a slow process of dissolution, it leads to a long-term and irreversible weakening.
Even if the five limestones under investigation exhibit significant differences in their micro-structure when compared to the calcareous rock analysed in their work, the ideas pointed out are attractive. From our view, the weakening process investigated in this work could be associated with temporary bonds of depositional origin since it is a short-term and reversible phenomenon. Thus, the clay fraction plays the role of a retardation factor which tends to shift the softening process towards larger water content. Indeed, given the high hygroscopicity of smectite, the appearance of capillary bridges and free water occur at larger water content (Fig. 2) and may delay the re-suspension of temporary bonds. This hypothesis is supported by the linear correlation underlined in Figs. 9 and 10. However, the amount of clay minerals does not influence the intensity of weakening that would depend on the ratio between depositional and diagenetic bonds.
Conclusions
The mechanical weakening of sedimentary stones induced by wetting is a well-known and extensively characterised phenomenon. However, the physical processes governing this loss in strength have not been clearly identified and quantified. Considering that clay minerals play a major role in the hydro-mechanical behaviour of limestones, their influence on weakening process is worth being investigated.
In order to sense the internal factors involved in such decay mechanisms, experimental characterisation has been carried out. Precise clay mineral quantification was performed thanks to a methodology developed recently coupling transmission electron microscopy, X-ray spectrometry, X-ray diffraction and numerical modelling. Sorption isotherm curves were characterised using standard saturated salt solutions. Then, tensile and compressive mechanical strengths were determined as functions of the water content. By correlating these results, it is clear that the clay mineral content directly influences the sorption capacity which, in turn, governs the rate of strength loss. Regarding the five limestones under investigation, it is evidenced that 90 % of the strength loss is observed when samples are equilibrated with a 97 % RH atmosphere. Indeed, the weakening is almost complete in a vapoursaturated environment. With engineering purposes, this sorption critical water content w S has a particular meaning with respect to the hydro-mechanical behaviour since it defines, on one hand, the upper limit of the hygroscopic domain and, on the other hand, a change in the dependences of mechanical properties on the water content. A complete characterisation of mechanical strengths could be built on the measurements in three moisture conditions: dry, saturated and equilibrated with a 97 % RH atmosphere.
Since water has a similar effect on various geo-materials, the observations put forth in this work can have a larger impact. In particular, the micro-scale mechanisms highlighted by Ciantia et al. (2015a, b) on calcareous rock may govern the mechanical weakening in the case of other carbonates. Their high water storage capacity suggests that the clay minerals ''delay'' the appearance of capillary bridges and free water. Thus, the re-suspension of depositional bonds at the origin of weakening is shifted towards larger water content.
